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SUMMARY 


In an attempt to provide a focus for future aerodynamic programs in the 
development of hydrogen -fueled hypersonic cruise vehicles, the present sta- 
tus of the structural, propulsive, and aerodynamic research is examined to 
extract the presently known factors that significantly affect vehicle defini- 
tion. Existing wing and body structural concepts and cryogenic -tankage 
thermal -protection systems are illustrated, possible inlet-engine arrange- 
ments are discussed, and the status of important local aerodynamic heating 
areas is briefly reviewed. In addition, uncertain areas which require fur- 
ther fundamental research and obstacles which hinder development are also 
pointed out. 

In general, existing structural and propulsive technologies for Mach 6 
to 8 vehicles favor a discrete low-wing — body arrangement with a two- 
dimensional inlet mounted in the wing pressure field. Aerodynamic consid- 
erations, however, indicate equal performance possibilities for either dis- 
crete wing -body or blended wing-body arrangements. The paper concludes with 
a discussion of several possible design concepts which conform to current 
guidelines and which are planned for future research. 
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INTRODUCTION 


Prior to 1957 the only means of propulsion seriously considered for 
hypersonic flight was the large rocket engine. Thus, the "boost-glide" type 
of vehicle received almost exclusive attention during the first decade of 
hypersonic technology development. (See refs. 1 to 5* ) With the beginning 
of space activities in 1957 > the magnitude of the launch-vehicle problem 
began to be appreciated and studies of reusable launch systems were under- 
taken with the hope of obtaining cheaper and more effective alternates to 
ballistic rocket boosters. During this time the air-breathing engine came 
under exhaustive scrutiny as the most obvious alternative to rocket boosters, 
and a dramatic family of air-breathing vehicles designated "aerospaceplanes" 
became the subject of intensive study. (See refs. 6 to 15- ) Although these 
conceptual vehicles proved to be premature, there emerged from these studies 
by 1962 the first clear indications that hypersonic air-breathing propulsion 
using hydrogen fuel was feasible and attractive up to Mach numbers of 
about 8 in the form of the subsonic -combustion turboramjet, and up to Mach 12 
or higher with the subsonic-supersonic -combustion turboramjet. With this 
important capability, the possibility of cruise vehicles capable of sustained 
hypersonic flight also became apparent. (See refs. 16 and 17* ) 
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The hypersonic cruise vehicle is vastly more complex than other hypersonic 
vehicles such' as the boost -glider or the manned reentry vehicle. Its large 
liquid hydrogen fuel requirement coupled with its air-breathing engines which 
must provide take-off, acceleration, hypersonic cruise, and subsonic loiter 
capabilities introduce many difficult new problems. In examining comparative 
vehicle studies of different design teams, it is apparent that the present state 
of the art is characterized by large uncertainties. An analysis of these 
studies reveals that these uncertainties are rooted partly in aerodynamic pre- 
dictions for complete configurations, partly in the attainable weight fractions 
of cryogenic and high -temperature structures, and partly in the installed per- 
formance of hypersonic propulsion systems. Within the spread of these uncer- 
tainties, results for particular missions can be found which range all the way 
from attractive to unattractive vehicle systems. The technology for air- 
breathing hypersonic cruise and boost vehicles is thus in the same early stage 
as supersonic transport technology was some dozen or so years ago when serious 
studies of complete realistic aerodynamic configurations, structures, and 
engines were just beginning. In order to reduce the present uncertainties in 
the state of the art, extensive programs are now getting underway in both USAF 
and NASA. 

At the present early stage in the development of these vehicles, any mean- 
ingful discussion of configuration concept becomes involved with questions of 
structures, materials, and propulsion, since each of these technological areas 
can have a significant influence on the shaping of the vehicle. To obtain 
realistic results that significantly advance vehicle development , the aerody- 
namic programs, then, must be properly focused on configurations which reflect 
these influences. To add in this focusing process, this paper briefly e xami nes 
the structural, propulsive, and aerodynamic disciplines in that order an d sets 
forth the presently known factors affecting vehicle shape. Singled out along 
the way will be uncertain areas which require more work and the obstacles which 
hinder development and must be overcome. The paper concludes with several pos- 
sible design concepts which should be investigated in future programs. For 
reasons which will become apparent, vehicles in the Mach 6 to 8 class and those 
for higher Mach numbers of about 12 are significantly different. During the 
discussion Mach 6 and Mach 12 are used to refer to the two speed classes. 

Although this paper treats only the cruise vehicle, it should be noted 
that many points of commonalty exist between cruise and launch vehicles. (See 
ref. 14. ) Much of the information contained herein for cruise vehicles, there- 
fore, applies to the others as well. 


CHARACTERISTICS OF HYPERSONIC CRUISE VEHICLES 


The environment in which a hypersonic cruise vehicle (HCV) operates is 
shown by the flight profile. The flight profile is subject to the various con- 
straints shown in figure 1. Preliminary studies (discussed in paper no. 29 by 
McLean, Carlson, and Hunt on) of the sonic -boom constraint indicate that because 
of the larger vehicles involved, the problem is more severe for the HCV at lower 
speeds than for the supersonic transport (SST), but because of the higher alti- 
tudes is less severe during cruise. The vehicle then follows a constant dynamic 
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pressure path. The highest possible dynamic pressures are desirable for 
improved propulsion performance; however, from the structural standpoint, low 
dynamic pressures are desirable to alleviate panel flutter and the heating 
problems denoted by the constant peak skin temperature lines. For subsonic - 
combustion ramjet propulsion systems, the inlet duct pressure s must be limited 
to avoid excessive propulsion-system weight and flight paths are constrained to 
constant duct pressure lines. In supersonic -combustion ramjet engines, of 
course, the internal duct pressures are much lower and this duct pressure lim- 
itation is eliminated. 

A typical trajectory for a Mach 6 cruise vehicle follows a peak dynamic 
pressure path of 1500 psf with cruise occurring between 800 and ^>00 psf. Peak 
sk n temperatures 3 feet aft of the leading edge are about 1500° F. The descent 
pl.ase of the flight is made at altitudes high enough to avoid the climb phase 
constraints . 

Because of the conflicting trajectory requirements of structures, propul- 
sion, and aerodynamics, a large interplay among these areas exists in the 
design of hypersonic cruise vehicles. As a first step in defining efficient 
vehicle systems, it is essential, therefore, to perform analytic trade-off 
studies in which the key parameters in structures, propulsion, and aerodynamics 
are systematically varied. These studies have been, conducted within NASA 
(ref. 16) and under contract, and these results have provided a preliminary 
indication of the more important vehicle characteristics. These results, com- 
pared with those for the SST, are shown in table I. Symbols appearing in the 
table and the figures are defined in the appendix. 

These trade-off studies considered a cruise Mach number of 6 and assumed 
a range of 5500 n. mi. and a gross weight equal to that of the SST. Shorter 
ranges, such as that of the SST, are less attractive for hypersonic transports 
because most of the trip would be taken up by acceleration and deceleration and 
little trip-time advantage is found. Studies of JP -fueled hypersonic cruise 
vehicles indicate that only about half the desired range is available (ref. 17); 
thus, the use of hydrogen fuel is the dominant requirement of these vehicles. 

The desired range can then be achieved with about the same payload weight as 
for the SST but with a lower fuel weight. The low density of hydrogen, how- 
ever, requires a fuel volume about an order of magnitude larger than that 
required for the SST. The structural problems involved in housing the liquid 
hydrogen and designing for the higher temperature environment result in struc- 
tural weight fractions seme 30 percent greater than for the SST. This more 
severe structural problem causes HCV performance to be optimized with aerody- 
namic configurations which are much less slender than the SST. A comparison of 
HCV and SST vehicles is shown in figure 2. The fuselage fineness ratios are 
about half those for the SST and the hypersonic L/D is about 5> a value which 
is below that obtainable at hypersonic speeds for more slender designs . The 
wing loadings tend to be in the same range as for the SST because take-off and 
sonic -boom considerations size the wing in both vehicles. 
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STRUCTURES 


A configuration which embodies most of the design features preferred in 
present structural technology is shown in figure 3* Probably the most signif- 
icant structural design influence involves the manner in which the liquid hydro- 
gen is contained in the vehicle. At hypersonic conditions an extreme tempera- 
ture difference of about 2000° F exists between the inner wall of the fuel tank 
and the outer surface of the vehicle. (See ref. 18.) The cryogenic structural 
problem is presently one of the main concerns. One solution under extensive 
study is the nonintegral tankage approach shown in figure 3 wherein the fuel 
tanks are separate from the load-bearing structure. With this concept, cylin- 
drical and conical tanks are preferred; and structural design favors discrete 
wing-body arrangements with the wing located over or beneath the body to avoid 
interference between the wing carry -through structure and the tankage. 

To allow lower wing weights, a fuselage-mounted vertical fin may be pre- 
ferred to wing -tip fins; and to allow thermal expansion on the hot leading 
edges, a segmented, overlapping leading edge on the tail and wing is required 
rather than the smooth unit used on the SST. Leading-edge temperatures for 
Mach 6 vehicles can be held to less than 2200° F and coated thoriated nickel 
(ref. 18 ) is a possible leading-edge material which requires only infrequent 
refurbishment. However, for Mach 12 vehicles coated refractories such as 
columbium will have to be used (ref. 19 ) and frequent leading-edge refurbish- 
ment will be required. At Mach 6 the wing maximum surface temperatures are 
generally less than l600° F, and the major part of the wing can be constructed 
of superalloy materials vising stress -skin construction similar to that used on 
the SST. 

The surface roughness conditions prescribed in flight are of importance 
both from configuration performance and local aerodynamic heating considerations. 
At one time it was believed that, the surfaces of hypersonic vehicles would be 
covered with large buckles and discontinuities brought about by thermal stress 
and expansion. Structural concepts have been devised to minimize these distor- 
tions, and a concept for Mach 6 vehicles is shown in figure 4. 

The leading edge is shown detached, and it includes the entire area behind 
the leading edge itself over which temperatures are in excess of l600° F. The 
load-bearing skin is waffle stiffened and stabilized by corrugated webs and 
spars to prevent buckling. Thermal stress is reduced by exposing the spar and 
rib caps. With this structural concept, it is expected that the surface will 
be almost as smooth as that on the SST. The only significant discontinuity will 
be steps, on the order of 0.020 inch, located at the edges of the leading-edge 
segments and at the juncture of the leading edge and the wing. If the steps 
are facing away from the local flow, however, they should not present a serious 
problem. 

If designs for the Mach 12 range are considered, higher temperatures occur 
over large surface areas of the wing and a structural concept of the type shown 
in figure 5 is required. A shingled nonload-bearing exterior heat shield and 
insulation system must now be added to a basic wing and body structure to 
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maintain its operation at temperatures not in excess of 1600° F. Corrugated 
heat-protective shingles form the outer surface and large surface irregulari- 
ties will occur. It is a mistake to assume that hy running these corrugations 
"streamwise" their effect can he ignored. Actually the local flow directions 
on bodies and delta wings vary significantly with angle of attack and, there- 
fore, cross flows over the corrugations will inevitably be encountered. The 
aerodynamic and heating consequences of this are not yet known but are almost 
certainly significant. Further research in high-temperature structures aimed 
at smoother shingles without excessive weight is needed. 

Since the trade-off study results (table I and fig. 2) are sensitive to 
structural weight, the hydrogen-fuel tankage structure and insulation weight 
can have important implications on the proportions of the optimum configuration. 
A reduction in this weight would shift the fuselage fineness ratio to higher 
values with resulting increases in configuration (L/P) mav . Possible structural 

concepts for nonintegral tankage are shown in figure 6. 

The storage of high volumes of liquid hydrogen fuel within struct lores sub- 
ject to high external heating presents major new problems. The cold tankage 
must not only be heavily insulated to prevent fuel losses, but purging must also 
be provided to avoid air and water condensation (ref. 20) between tank and 
structure and to remove any hydrogen leakage. In the upper left of figure 6, 
this purging is accomplished by helium. The basic difficulty here is the large 
weight of the thermal protection system and helium purge system required. Addi- 
tional weight due to the need for a coolant system, particularly at Mach num- 
bers greater than 8, to reduce tank temperatures in ’’dry" areas after the fuel 
has been partially used may also have to be included. 

A scheme under test at Langley which may provide significant reduction in 
thermal protection and purge system weight is shown at the lower right in fig- 
ure 6. (See ref. 21.) A CO2 frost is cryo-deposited within the inner thick- 
ness of fibrous insulation during ground hold prior to flight. During flight 
the frost sublimes and provides the purge gas. The sublimation process elimi- 
nates the need for an additional coolant system for the dry tank walls. A 
large model of this concept shown in figure 7 has been built and is scheduled 
for radiation -heating tests. The model is scheduled for testing in the Langley 
8-foot high -temperature structures tunnel at Mach 7* 

Another approach based on the concept of "integral" tankage is also under 
study at Langley Research Center. In principal, cooling of the load-bearing 
structure by the fuel might result in weight saving. A large model incorpo- 
rating the integral or evacuated "multiwall" structural concept (ref. 21) is 
shown in figure 8. Great difficulties have been encountered in developing this 
model, particularly in obtaining the required vacuum in the thin-gage elements. 
Helium purge gas is shown in the structural portion of the sandwich wall to 
detect fuel leakage. The purge-gas requirements are uncertain but may be siz- 
able. Further research on evacuated heat shields is needed to develop improved 
techniques and to determine the reliability with which thin-gage materials can 
be sealed. 
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The integral tankage structure encounters an additional problem in the 
joining of the cold tank structure and the hot wing structure. It is too early 
to say whether a significant weight penalty is involved here or whether merged 
wing-body arrangements can be found which are attractive for the use of integral 
tankage. 

The propulsion unit, shown by the simple schematic in figure 3, is actually 
a very complex, specialized structural problem. The unit contains the inlet 
duct and a combination engine consisting of a turbojet for acceleration to 
about Mach 3 and a ramjet for acceleration to Mach 6. At higher speeds a 
supersonic -combustion ramjet (scramjet) engine must also be provided. No mate- 
rials are now available to withstand the extreme temperatures occurring on the 
turbine blades under stoichiometric operation at Mach 3 and those generated in 
the inlet duct and ramjet combustion chamber at higher Mach numbers. Active 
cooling of these surfaces by the liquid hydrogen fuel is, therefore, required. 
The cooling problem presents one of the major challenges in the structural 
design of these units. 


PROPULSION 


Typical propulsion-system installations for Mach 6 cruise vehicles are 
shown in figure 9* One possible type of turbo -accelerator ramjet is shown in 
which a switching valve redirects the airflow to either the turbojet or the 
subsonic -combustion ramjet. These combination engines allow a common inlet to 
be used for both the turbojet and ramjet. 

An axisymmetric pod arrangement as used on lower speed cruise vehicles is 
shown at the top of the figure. This arrangement has advantages of low weight 
and absence of contaminating boundary layers from adjacent surfaces . Regenera- 
tive fuel cooling of the entire internal ducting and external cowl lip will be 
required. The spike may be either radiation cooled or fuel cooled. Large 
spike translations are essential to achieve adequate performance throughout the 
speed range. The two-dimensional installation more readily incorporates the 
requisite variable geometry through the adjustable wall. However, it may 
require a more elaborate boundary -layer bleed system including a diverter to 
prevent the thick wing-body boundary layer from entering the duct. 

A question of major importance in configuration definition is the inlet 
size requirement of these installations. Factors that affect inlet size are 
the vehicle aerodynamic characteristics, efficiency of the engine-inlet combi- 
nation, location of the inlet on the vehicle, flight path, and minimum acceler- 
ation criteria along the flight path. Representative calculations have been 
made for Mach 6 and Mach 8 cruise vehicles by using the method of reference 22 
to define inlet size requirements and the attendant longitudinal-acceleration 
characteristics. The calculations assumed that the vehicle would cruise at 
(L/P) mflV . The propulsion system assumed a subsonic combustion turboramjet 

engine in conjunction with two inlet types located in the wing pressure field: 
the first was assumed to operate at full capture at cruise with flow spillage 
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through a fixed 6° wedge shock at lower speeds, whereas the second type was 
assumed to operate at full c apt lore at all speeds. 

The flight-path constraints (see fig. 10) included a transonic acceleration 
altitude of kO 000 feet, a dynamic pressure limit of 1500 psf, and an inlet duct 
pressure limit of 200 psi. For the conditions assumed, the Mach 6 cruise alti- 
tude lies above the acceleration path and a constant Mach number climb to '-his 
altitude is performed. For the Mach 8 case, the cruise altitude lies below che 
acceleration path and the final acceleration is performed at cruise altitude at 
reduced inlet pressure recovery to conform to the duct pressure limit . 

The flight aerodynamic characteristics are depicted in figure 11. For 
most of the acceleration phase, the vehicle system operates well below maximum 
lift-drag ratio, reaching this condition in a brief portion of the subsonic 
climb and at the cruise condition. The final portion of the Mach 8 accelera- 
tion path is flown at very nearly (L/D) max as a result of the characteristics 
imposed by the duct -pres sure -limit assumption. 

The acceleration characteristics are shown in figure 12. The higher accel- 
erations are for the inlet operating at full capture at all conditions, with the 
higher thrust levels a consequence of the higher airflow characteristics of 
these inlets. As noted previously, the actual inlet will probably fall between 
these extremes. 

The accelerations were provided by sizing the ramjet and inlet area for 
the condition at the start of cruise. This inlet area was then used over the 
flight path and the turbojet portion of the engine was sized to provide minimum 
acceleration of 2 ft/sec^ at transonic speeds. With these inlet-engine sizing 
criteria, an average acceleration level of about 0.2g over the Mach number 
range is provided, a level which is several times larger than SST values but in 
the range needed to achieve adequately short acceleration periods for Mach 6 
cruise. The inlet areas required were less than 2 percent of the wing area. 

The location of these inlets also has an important influence on vehicle 
shaping. In figure 13 the inlet area required to obtain various accelerations 
is shown for two cases - when the inlet can be located in the wing compression 
field, as for the previous calculations, and when the inlet ingests free-stream 
air. At angle of attack the air beneath the wing is precompressed and this 
advantage results in a small enough inlet at near-zero acceleration to be 
located in this pressure field as shown. There is a usable limit, however, to 
the inlet size that can be contained in this preferred location; and this limit 
on a delta wing for a two-dimensional inlet of realistic length is shown by the 
shaded region. For higher acceleration (or higher Mach number) vehicles where 
the inlet may be too large to be located in the wing pressure field, the upper 
curves may dictate required inlet areas, and because the inlet now must furnish 
all the compression it becomes large enough to house both fuel and payload. The 
aircraft must now be designed around the inlet and a "flying inlet" configura- 
tion results. These "flying engine" types will utilize scramjet propulsion 
beyond Mach 8 where, for a number of reasons, the subsonic -combustion ramjet 
performance deteriorates rapidly with increased speed. 
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Both USAF and MSA have sizable programs for hypersonic ramjet development. 
The NASA work centers on the development of an l8-inch-diameter engine capable 
of both subsonic and supersonic burning. It will eventually be flight tested 
to Mach 8 on an uprated X-15 airplane. The first phase of this project, which 
is now finished, included engine concept development and evaluation in depth. 

One of the results of these studies is a detailed evaluation of the regenera- 
tive fuel-cooling requirements; these are shown in figure 14. 

The fuel flow for cooling is shown as a fraction of the fuel required for 
propulsion with stoichiometric burning. For values of this ratio up to 1, the 
fuel carried for propulsion is sufficient for cooling purposes. For ratios 
above 1, additional fuel must be carried to meet cooling needs. 

The study results (shown in fig. Ik) have been extrapolated, using 
Reynolds number corrections, for an engine of 7-foot diameter. At Mach 6 ade- 
quate fuel is available for cooling; however, cooling needs increase rapidly 
with Mach number and near 7 ft is questionable whether sufficient fuel for 
cooling is available. Beyond Mach 7 the cooling requirements become severe, 
and there is strong evidence frcm these studies that these cooling requirements 
may constitute a more serious obstacle to higher flight speeds than the problems 
of aerodynamics, supersonic combustion, or even structures. Opportunities for 
improving the situation, however, exist if the allowable duct wall temperatures 
can be increased and/or shorter engines with lower wetted surfaces developed. 

A major concern of the aerodynamicist is the increase in drag and the 
interference effects that result when propulsion systems are added to the air- 
frame. Little significant hypersonic experimental work in this area has been 
reported in the literature. An investigation by Frank S. RLrkham and William J. 
Small has recently been performed in the Langley 11 -inch hypersonic tunnel at 
Mach 6.8 on the models equipped with two-dimensional and pod inlets shown in 
figure 15 . Flow-through inlets were used, and the ramp and spikes were not 
included. The inlet areas for both types were 1.8 percent of the wing area, 
which is in the right range for Mach 6 cruise vehicles, and both inlets cap- 
tured the preconrpressed air beneath the wing. The results show the increase in 
total drag due to inlet addition at an angle of attack of 6° which is close to 
that for (L/D)^. 

The theoretical results, which include pressure and both internal and 
external skin-friction drag, are in good agreement with experimental results 
for the two-dimensional inlet. With pod inlets a much larger drag increase 
occurs and only about half the increment is predicted. The difference is due 
to the greater interference effects between the pod inlets and the airframe. 

The calculated increase in internal inlet drag, which is not chargeable to 
total drag, amounted to about 3 percent for the t wo -dimen s i o nal inlet and 
7 percent for the pod inlets. 

The extent of these interference effects is indicated in figure 1 6 which 
contains oil-flow patterns in the vicinity of the two types of inlets. The 
flow about the two-dimensional inlet appears very uniform whereas large disturb- 
ances from interacting flow fields occur for the pod installations. In addi- 
tion to excessive interference drag, local heating increases may be more severe 
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for the pod installations. If the ramp and spikes had been included, they 
would not have caused additional interference drag under design conditions 
since the compression shock would be captured by the inlet lip. The off-design 
conditions, however, are a matter for further study. 

These drag and oil-flow results indicate the superiority of two-dimensional 
inlet installations; however, it should be remembered that these are early 
results obtained under laminar -boundary-layer conditions. Additional work is 
required to determine whether similar effects prevail under turbulent flow con- 
ditions and whether some benefit can be gained from the interaction effects on 
pod installations. 


AERODYNAMICS 


Overall Configuration Considerations 

To determine the influence of aerodynamics on vehicle shaping, the findings 
of basic configuration studies must be referred to since no definitive results 
are as yet available from complete configuration studies. In examining these 
basic study results, the main inquiry is concerned with whether any particular 
family of wing-body arrangements offers any particular advantage in ( L / D ) max 

performance, neglecting for now practical considerations such as trim and 
stability. 

Experimental results taken from references 23 and 2k, which show the maxi- 
mum attainable performance obtained from a number of ideali zed-shape families, 
are presented in figure 17 • In this figure, (L/P) mflV results are shown as a 
function of the volume parameter which exerts a large influence on maximum 
lift -drag -ratio characteristics. The probable range of volume parameters for 
HCV design is from about 0.l4 to 0.2k. In this range it is apparent that no 
one shape family has clearly superior performance and that blended wing-bodies 
are competitive with discrete wing -body types. At the higher end of the range, 
slender lifting bodies are also competitive; however, in order to obtain the 
(L/D)max va-luss shown, extremely slender half -cone bodies are required. 

The discrete wing -body data indicate some small improvement in (L/D) max 

due to the favorable lift interference from the underslung body on the flat-top 
configurations ; and since the introduction of this concept in reference 25 , 
much detailed experimental work (refs. 26 to 37) has been done with the hope of 
improving the attainable performance. Experimental results from references 26, 
27, 28, 33, and $k are summarized in figure 18. The largest performance gains 
are obtained at the lower Mach numbers; and, to capitalize on these potential 
benefits, the design concept was utilized on the XB-70 airplane. At higher 
Mach numbers, however, the performance gains decrease rapidly. Investigations 
were undertaken to explain the behavior; and the results, given in detail in 
reference J>k, indicate that performance gains of these idealized shapes are 
only obtained under rigid geometric constraints. Since these idealized shapes 
are not generally adaptable to hypersonic cruise vehicle design, further 
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investigations of the more practical shapes shown in figure 19 were conducted 
at Mach 6.8. The experimental results to the left indicate the performance 
gains possible under idealized configuration conditions (shock-shape wings). 

The more practical configurations , however, fail to show any interference gains 
in (L/p) mflV . The shapes tested, however, by no means exhaust the interesting 

possibilities. 

The foregoing data were obtained under the effects of a laminar boundary 
layer. The results in figure 20, however, indicate that under full-scale flight 
conditions extensive laminar flow will not occur. At the top of the figure are 
shown typical Reynolds numbers, based on length, for a full-scale hypersonic 
cruise vehicle. In the lower part of the figure are shown Reynolds number con- 
ditions for the start of transition on cones and flat plates, as obtained from 
references 38 to 55- At Mach 6 to 8, full-scale Reynolds numbers are seen to 
be greater than 200 x 10° whereas laminar flow ends at about 5 X 1C)6 . Only the 
first few feet of the aircraft, therefore, will be subject to laminar flow, 
with turbulent flow dominating most of the remaining surface. 

In extrapolating laminar wind-tunnel results to turbulent flight condi- 
tions, gross approximations presently have to be made. The method used simply 
subtracts the low Reynolds number laminar skin-friction drag, which in itself 
is in doubt, and replaces it with high Reynolds number turbulent values. Com- 
ponent performance and interaction effects on lift and drag due to lift are 
thus assumed to be the same for turbulent flow as for laminar flow - an 
extremely doubtful assumption. This method was used to extrapolate the pre- 
vious results of figure 17 to flight conditions, and these extrapolated results 
are given in figure 21. 

As a result of the lower turbulent skin-friction drag at a Reynolds number 
of 200 X 10^ as compared with the laminar drag at 1.5 X 10^, the levels of 
L/D performance are significantly increased and differences in the performance 
of different configuration families are more pronounced. It is not known, how- 
ever, whether these trends actually exist because of the difficulty in obtaining 
turbulent flow on small models at hypersonic Mach numbers as discussed in paper 
no. 2 by Braslow, Hicks, and Harris. At lower speeds turbulent flow can be 
simulated by relatively small roughness strips attached to the models. At high 
Mach numbers this technique is not satisfactory since the required roughness 
sizes become so large that extraneous effects are often introduced which are 
difficult, if not imposssible, to correct for (refs. 56 to 63 ). This problem 
presents a major difficulty in the present efforts to study complete 
configurations . 

The provision of stability and control will have an important influence on 
configuration design. Little experimental data on hypersonic air-breathing 
configurations existj but during earlier work on boost-glide vehicles, several 
design features (shown in fig. 22) were developed which may have application to 
these cruise vehicles. 

Negative camber was found to decrease the trim penalties on (L/D) mflV . 

(See ref. 64 .) A negative-camber feature is illustrated by the upward 
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deflection of the forward portion of the delta wing. Upward deflection of 
trailing-edge flaps for trim and a properly blunted and contoured underslung 
body also provide negative -camber effects. In trailing-edge -flap installations, 
adverse yaw often occurs when these surfaces are differentially deflected for 
roll control. This effect can be reduced by sweeping the flap hinge line for- 
ward to move the resultant force closer to the vehicle center of gravity 
(ref. 65). 

For directional stability and control, a wedge vertical-tail section can 
reduce excessive area requirements (ref. 66), and a variable wedge could be 
included to allow optimum operation over the Mach number range and to reduce 
base drag at critical transonic conditions. Toed-in wing-tip fins (ref. 64 ) 
are a further application of the wedge principle. Decreasing directional sta- 
bility with angle of attack can be alleviated by rolling out the tip fins 
(ref. 67). 

Drooped wing tips may be useful for improving the performance and direc- 
tional stability with minimum performance penalty for favorable lift- 
interference configurations but the adverse roll characteristics of these sur- 
faces must not be overlooked. 


Local Flow Problems 

A major new problem encountered in the design of hypersonic cruise vehicles 
is the evaluation of local interference effects which may have an important 
influence on loads, control effectiveness, and local aerodynamic heat ing . 

These areas are far more important for these vehicles than for supersonic trans- 
port designs because of the more intense interactions which occur between air- 
craft components. Actually a large amount of study has been devoted to these 
local flow problems, and in some areas a reasonably good understanding of the 
phenomena involved already exists. 

Turbulent surface -heating data are available on delta wings at local Mach 
numbers up to about 5 and on flat plates and slender cones at local Mach numbers 

up to about 8 (refs. 40 to 44 , 51 to 55, and 68 to 70). Typical heating results 

at a free -stream Mach number of 6.8 are shown in figure 25 . For delta wings at 
wall conditions near adiabatic, turbulent heating is predictable by use of 
strip theory. For cones the heating rates at low angles of attack are predict- 
able by laminar conical-flow theory and at high angles of attack by 1 ami na-r 
cross-flow theory with a large uncertainty occurring in the intermediate an gle - 
of -attack range . 

Although these results are encouraging, the status of turbulent surface 
heating must be improved through additional efforts to better establish wall 
temperature effects and to obtain delta-wing heating characteristics at higher 

local Mach numbers. In addition, body shapes having larger volumes which are 

more representative of hypersonic cruise vehicle designs must be investigated. 

In leading-edge heating, a somewhat improved situation exists. As long as 
the Mach number component normal to the leading edge is larger than about 1.5 
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laminar and turbulent heating rates are sufficiently predictable for prelimi- 
nary design purposes on a smooth leading edge (refs. 71 to 7^)» The effects on 
heating of the laps on segmented leading edges discussed previously, however, 
are presently uncertain. 

Shock impingement (refs. 75 to 80) has long been recognized as a source of 
local heating increases. Latest results, however, indicate that these effects 
on leading edges are predictable. In figure 2k typical results from refer- 
ence 80 of local heating along the leading edge show an increase from shock 
impingement. If local conditions are accounted for, the heating increase is 
well predicted. Shock impingement also causes premature transition from lami- 
nar to turbulent flow. However, the transition Reynolds numbers, based on 
local conditions, have also been determined. Local heating from shock impinge- 
ment may also occur on surfaces downstream of the leading edge but is less well 
understood. 

Flow separation poses a problem of predicting flap control effectiveness 
and high heating rates at boundary -layer reattachment on the deflected controls. 
In reentry vehicles which are subject to laminar or transitional boundary 
layers, this is a serious problem. In hypersonic cruise vehicles where turbu- 
lent flow dominates, however, the problem is much less severe. At the top of 
figure 25, the large control deflections (refs. 8l to 85) for which a turbulent 
boundary layer will separate are compared with the much smaller ones for lami- 
nar flow. Since control deflections of this order should not be required under 
normal flight conditions, turbulent flow separation should not be encountered.' 
Should separation occur, however, realistic predictions of control effective- 
ness and local heating may be possible because of the smaller area affected by 
turbulent separation as compared with laminar, as illustrated by the schlieren 
photographs of the flow over a 40° compression corner. 

Contrary to the good understanding in the previous areas, the corner -flow 
problem is not well understood. It occurs at the junctures of the wing and 
fuselage, wing and tip fins, and inlet sides and wing. The mechanisms of corner 
flow are very complex and, in spite of the fact that many detailed investigations 
have been conducted (refs. 86 to 107 ), local heating increases are not predict- 
able even on the most basic models. Behavior in an idealized corner is illus- 
trated by the unpublished results recently obtained by P. Calvin Stainback in 
the Langley Mach 8 variable -density hypersonic tunnel and shown in figure 26(a). 
The model consists of a two-dimensional 90° corner with one side deflected 5° 
into the stream. The experimental data show heating rates up to five times the 
predicted values on the undeflected plate and a 50-percent increase in the 
deflected-plate values. In three-dimensional flow, similar increases occur as 
indicated by the data in figure 26(b) for a half-cone— delta-wing configuration, 
taken from reference 51> where the cone heating rates are double the predicted 
values. These data were obtained under laminar-boundary-layer conditions. The 
increases in heating under turbulent conditions at these Mach numbers are 
unknown. 

During the development phase of hypersonic cruise vehicles, a number of 
configuration concepts will have to be considered; and, since these configura- 
tions will be significantly different, this inability to predict comer-flow 


local heating will require detailed heating tests on each configuration to 
obtain representative heating distributions. Investigations of complete config- 
urations have begun, and heat-sensitive -paint test results obtained at Mach 6.8 
for one concept are shown in figure 27 . Regions of high heating are indicated 
by the dark areas and high heating from corner-flow phenomena is evident near 
the junctures of the wing and fuselage and the inlet and wing. 


CONFIGURATION CONCEPTS 


The previous discussion has attempted to isolate presently known influences 
on configuration definition from the structural, propulsive, and aerodynamic 
disciplines. To summarize briefly, a discrete body with low or high wing 
arrangement and fuselage -mounted vertical tail is preferred from the present 
structural point of view. Propulsive considerations favor a low wing position 
with two-dimensional inlets mounted in the wing flow field. Both discrete 
body-wing and blended body -wing arrangements are aerodynamic ally competitive. 

Within these constraints a number of design concepts are possible and some 
examples of these are shown in figure 28. The three configurations shown in 
figure 28(a) are being considered in present analytic trade-off studies. The 
variable -geometry configuration appears to have the highest gross weight but is 
attractive because of its superior subsonic loiter and mission abort capabili- 
ties. Both the variable -geometry and the fixed-delta-wing configuration utilize 
high-lift devices at take-off and landing. These devices cannot be included on. 
the blended wing-body design, which does not have a separate horizontal tail, 
and still maintain trim control; as a result, a larger wing area is required 
for the blended wing-body. 

In the trade-off studies, a lifting-body design was also considered; how- 
ever, the concept was discarded because the high weight of the retractable wing 
used only for take-off and landing led to large fuel requirements and the 
resulting gross weight became prohibitive. The success of the twist and camber 
concept for the supersonic transport requires that it also be considered in the 
design of hypersonic vehicles, and efforts are now underway to extend the theo- 
retical work to higher Mach numbers. 

The configuration at the top of figure 28(b) follows XB-70 design and 
attempts to gain favorable interference benefits from the wedge underbody. In 
providing the necessary interference flow field, the underbody becomes large 
enough to house the inlet ducts and engines and also to provide part of the 
hydrogen fuel storage volume. A potentially severe problem area exists, how- 
ever, in the long length of inlet ducts involved which may lead to excessive 
structural weight and fuel-cooling requirements. Furthermore, the forward 
inlet position restricts the usable inlet area in the wing flow field. 

Another form of a blended wing-body utilizes the "caret" wing proposed in 
reference 108. The caret-wing lower surface is derived from simple wedge flow 
and offers more uniform pressure and less severe heating characteristics than 
does a conventional delta wing. These advantages may, of course, be offset by 
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other factors such as increased wing area and loads resulting from the negative 
dihedral. 

The configuration on the lower right of figure 28(h) is one "flying inlet" 
design concept which results when the inlet is too large to he contained in the 
wing pressure field. It might he applied to higher acceleration Mach 12 cruise 
vehicles or lower Mach number launch vehicles. 

Efforts are now beginning at Ames and Langley Research Centers to investi- 
gate complete -configuration concepts which contain requirements of trim, sta- 
bility, and other practical considerations. The model under study at Mach 7 
at Langley is shown in figure 29. As a start, the model design concept is one 
used in early trade-off studies (ref. 16). This relatively simple concept will 
serve to verify existing aerodynamic prediction techniques, establish typical 
local heating distributions, and provide a base-line configuration with which 
to compare additional concepts which are planned to be added as the program 
proceeds . 


CONCLUDING REMARKS 


The principal efforts of the next decade will involve application of the 
considerable general knowledge and data which now exist in all areas to the 
development of complete hypersonic vehicle systems . At the present time the 
first structural -concept models of cryogenic tankage are being readied for 
high -temperat lire testing in ground facilities. The first experimental hyper- 
sonic ramjet engines for flight tests are under development by both USAF and 
NASA. Aerodynamic studies of complete configurations have been started. 

In the aerodynamics area, there is a serious handicap in the use of 
existing wind tunnels to simulate the high Reynolds number turbulent flows of 
full-scale flight. At the higher Mach numbers, the transition-strip technique 
used so successfully in the supersonic transport development tends to become 
ineffective. Extensive efforts to develop usable hypersonic tripping techniques 
are in progress but no practical solution has as yet emerged. Flight tests of 
at least one representative large-scale wing-body configuration to determine 
the detailed aerodynamic and heating behavior with natural fully developed tur- 
bulent flows will probably be required to supplement and upgrade the wind-tunnel 
results. This large-scale aerodynamic flight test could also provide the basis 
for structural concept development and testing for wing-body arrangements which 
will be needed in the course of future vehicle development. 


APPENDIX 


SYMBOLS 


a/g 

d 

h 

L/D 

l 

M 

N St 

p t,2 

q 

«d 

R z 

Rx 

s 

Sv, 

s 

s o 

V 

V f 

W f 

W p 

Ws 


inlet captive area 

acceleration in gravity units 

diameter of cylindrical leading edge 

heat -transfer coefficient 

lift -drag ratio 

length 

Mach number 

Stanton number 

duct total pressure 
dynamic pressure 

Reynolds number based on diameter 

Reynolds number based on length 

Reynolds number based on distance x 

total planform area 

total wing area (including portion covered by fuselage) 

distance from center line along surface to a given point 

distance from center line along surface to leading edge 

volume 

fuel volume 

fuel weight 

payload weight 
structural weight 



.'""S 

Wt gross take-off weight 

X,Y,Z axis system 

x,y,z distance along X - , Y-, and Z-axis, respectively 

a angle of attack 

6 deflection angle 

Subscripts: 

fb flat bottom 

fp flat plate 

ft flat top 

max maximum 

co free stream 

Abbreviations : 

F.R. fuselage fineness ratio 

LH2 liquid hydrogen 
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TYPICAL RESULTS FROM NASA CRUISE VEHICLE STUDIES 
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MULTIWALL STRUCTURAL MODEL 
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REGENERATIVE FUEL-COOLING REQUIREMENTS 
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INLET INSTALLATION OIL- FLOW PATTERNS 
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PERFORMANCE OF BASIC CONFIGURATION CONCEPTS 
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WING-BODY INTERFERENCE EFFECTS ON PERFORMANCE 



Figure 18 


BASIC CONFIGURATION EFFECTS 
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557 


COMPARISON OF TRANSITION AND FULL-SCALE 
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PERFORMANCE OF BASIC CONFIGURATION CONCEPTS 
EXTRAPOLATED TO FLIGHT CONDITIONS 
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STABILITY AND CONTROL FEATURES 
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TYPICAL SHOCK-IMPINGEMENT RESULTS 
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TURBULENT FLOW SEPARATION 
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SCHLIEREN RESULTS AT M m =6.8 
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Figure 26 
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